Abstract | Recent findings have thrust poly(ADP-ribose) polymerases (PARPs) into the limelight as potential chemotherapeutic targets. To provide a framework for understanding these recent observations, we review what is known about the structures and functions of the family of PARP enzymes, and then outline a series of questions that should be addressed to guide the rational development of PARP inhibitors as anticancer agents.
Current efforts to develop poly(ADP-ribose) polymerase (PARP) inhibitors as anticancer drugs represent the culmination of over 40 years of research. After Paul Mandel's research group first described a nuclear enzymatic activity that synthesizes an adenine-containing RNA-like polymer 1 , independent studies by French and Japanese teams demonstrated that this polymer, designated poly(ADP-ribose) (pADPr), is composed of two ribose moieties and two phosphates per unit polymer [2] [3] [4] [5] . The purification of an enzyme that could generate large amounts of pADPr, PARP1 (REFS 6, 7) , led to the discovery that PARP1 is activated by DNA strand breaks [8] [9] [10] . Seminal work by Sydney Shall's group showed that PARP1 is involved in DNA repair and also suggested the potential use of PARP inhibitors to enhance the cytotoxic effects of alkylating agents 10 . Examination of knockout mouse models 11 strengthened the hypothesis that PARP1 participates in DNA repair and simultaneously provided the first evidence for the existence of PARP2 (REF. 12) . A parallel set of experiments demonstrated that PARP1 hyperactivation leads to nicotinamide adenine dinucleotide (NAD + ) and ATP depletion after various types of DNA damage 13, 14 
, potentially contributing to a unique form of metabolic cell death, which is now termed parthanatos 15 . PARP was thrust into the limelight by the discovery that PARP inhibition is particularly toxic in cancer cell lines 16, 17 and human tumours 18 that lack BRCA1 or BRCA2. Despite this progress, there is still much that we do not understand about the biology of the PARP family and pADPr, as detailed below.
PARP1 and DNA damage responses PARP1 is a nuclear protein comprised of three functional domains (FIG. 1) . The amino-terminal DNA-binding domain contains two zinc fingers that are important for the binding of PARP1 to single-strand breaks and double-strand breaks (DSBs) 19, 20 . A third zinc finger was recently described and found to be dispensable for DNA binding, but is important for coupling damage-induced changes in the DNA-binding domain to alterations in PARP1 catalytic activity 21, 22 . In the central automodification domain, specific glutamate and lysine residues serve as acceptors of ADP-ribose moieties, thereby allowing the enzyme to poly(ADP-ribosyl)ate itself 23, 24 . Interestingly, this domain also comprises a BRCA1 carboxy-terminal (BRCT) repeat motif, a protein-protein interaction domain that is found in other components of the DNA damage response pathway. The presence of this motif raises the possibility that unexplored protein-protein interactions involving this domain might also play an important part in PARP1 biology. Finally, the C-terminal catalytic domain sequentially transfers ADP-ribose subunits from NAD + to protein acceptors, thereby forming pADPr 25 . Studies in various model systems have implicated PARP1 in multiple processes, all of which involve DNA-related transactions.
After the induction of certain types of DNA damage, including nicks and DNA DSBs, PARP1 is rapidly recruited to the altered DNA and its catalytic activity increases 10-to 500-fold, resulting in the synthesis of protein-conjugated long branched pADPr chains 15 to 30 sec after damage 20, 26 . Owing to the size and large negative charge of pADPr (which is twice the charge density of DNA), the addition of pADPr interferes with the functions of modified proteins, such as histones, topoisomerase I and DNA protein kinase (DNA-PK) (reviewed in REF. 27 ). Notably, however, the bulk of pADPr is attached to PARP1. Once formed, this polymer could recruit hundreds of other proteins [28] [29] [30] [31] [32] . Some of these recruited proteins -typified by XRCC1, the scaffolding protein that assembles and activates the DNA base excision repair (BER) machinery 33, 34 -bind directly to pADPr, whereas others are indirectly recruited because they interact with pADPr-binding proteins. At the same time, formation of pADPr diminishes the affinity of PARP1 and histones for DNA, providing a mechanism for removing PARP1 from damaged DNA and for the local modulation of chromatin compaction 29, [35] [36] [37] . In vitro studies suggest that removal of PARP1 provides access for repair proteins 38 and suppresses further pADPr synthesis 39 . Further polymer growth is also antagonized by two enzymes that hydrolyse pADPr, poly(ADP-ribose) glycohydrolase (PARG) and, possibly, the ADP-ribose hydrolase ARH3 (REFS 40, 41) . ADP-ribosyl protein lyase, which cleaves the link between the first ADP-ribose and modified amino acids, has been described in rat tissues 42, 43 and might also function in human cells. The concerted action of these enzymes removes pADPr from PARP1, restoring its ability to recognize DNA strand breaks and initiate a new round of damage signalling.
Although pADPr has a half-life of seconds to minutes, the consequences of pADPr metabolism on cellular homeostasis can persist long after PARP1 and the hydrolases have acted. Polymer synthesis consumes substantial amounts of NAD + and pADPr cleavage generates large amounts of AMP, leading to activation of the bioenergetic sensor AMP-activated protein kinase (AMPK) 44, 45 (BOX 1). Therefore, the various consequences of PARP1 activation reflect the collective effects of pADPr synthesis on PARP1 substrates, binding of various proteins to pADPr, changes in cellular NAD + (and ATP) levels during pADPr synthesis and changes in AMP levels owing to pADPr degradation (FIG. 1) . In conditions that cause excessive DNA damage, such as post-ischaemic damage in the heart or brain, PARP1 hyperactivation produces high levels of pADPr at the expense of NAD + and ATP, which become depleted 14 and induce death by necrosis or apoptosis
.
In addition to its role in BER described above, PARP1 is involved in several other nuclear processes. The observation that rapid recruitment of mitotic recombination 11 (MRE11) and ataxia telangiectasia-mutated (ATM), crucial components of the homologous recombination machinery, to DNA DSBs is dependent on pADPr synthesis 26, 46 suggests that PARP1 acts as a facilitator of homologous recombination. Studies in rodent and chicken cells indicate that recruitment of MRE11 to help restart stalled replication forks is also dependent on PARP1 . Additional in vitro studies in rodent and human cells have implicated PARP1 in non-homologous end joining (NHEJ) [50] [51] [52] . Consistent with these various roles in DNA damage responses, Parp1
-/-mice demonstrate heightened sensitivity to DNA-damaging agents, particularly alkylating agents and ionizing radiation 11 (TABLE 1) . PARP1 might also regulate transcription by modulating chromatin structure, altering DNA methylation patterns, acting as a co-regulator of transcription factors and interacting with chromatin insulators (reviewed in REFS 53, 54) . Chromatin immunoprecipitation experiments demonstrate that PARP1 is generally associated with actively transcribed genes, at which it is postulated to regulate histone H1 binding to chromatin 55 . Moreover, gene expression profiling in Parp1 -/-mouse cells 56 and human breast cancer cells treated with PARP1 short-hairpin RNAs (shRNAs) 57 reveal that PARP1 loss or downregulation alters the expression of many genes involved in cell cycle control and stress response, including p53. Collectively, these observations implicate PARP1 in transcription as well as in multiple aspects of the DNA damage response.
Extending the family Against this backdrop of extensive structural and functional studies on PARP1, genes encoding 16 structurally related proteins (members of the so-called PARP family) have been identified on the basis of sequence similarity with the PARP1 catalytic domain 58 . If stringent structural and functional criteria are applied, however, it now seems that only six of these may actually be poly(ADP-ribose) polymerases
, whereas the remainder are probably mono-ADP-ribosyltransferases 20, 59 . Based on structural considerations, these six PARPs are subdivided in three groups, with PARP1, PARP2 and PARP3 in the first group, PARP4 (also known as vault PARP) in the second, and tankyrase 1 (TNKS) and TNKS2 in the third 20 . Among this handful of true PARPs, structures have been determined for the catalytic domain of human PARP1, PARP2, PARP3 and TNKS [60] [61] [62] (see Databases for a link to the Protein Data Bank). Although the structures of several other domains of human PARP1 and the wGR domain of human PARP3 have also been determined, the structure of a full-length PARP has not been reported. -/-mouse cells, PARP2 is thought to be responsible for no more than 15% of the total pADPr synthesis stimulated by DNA strand breaks 66, 67 , which is likely to reflect a lower abundance and/or lower catalytic activity of this enzyme. The observation that PARP2 consumes much less NAD + than PARP1 provides an explanation for the observation that NAD + levels are preserved and necrosis is diminished when Parp1 -/-cells sustain DNA damage 68 . Gene-targeting experiments and careful studies in human cell lines have also begun to provide valuable information about some of the other PARPs. Although Parp4 -/-mice develop normally, they develop more colon tumours when treated with the carcinogen dimethylhydrazine 69, 70 , raising the possibility that PARP4 has a tumour suppressive role. Studies in human cell lines have demonstrated that TNKS and TNKS2 both contribute to the maintenance of normal telomere length through a process that involves interaction with and poly(ADP-ribosyl)ation of the telomeric protein TRF1 (REF. 71 ). By contrast, deletion of Tnks or Tnks2 has no effect on telomere length in mouse cells 71 . Although this could be explained by functional redundancy between the two mouse tankyrases, mouse TRF1 also lacks the
Box 1 | PARP1 hyperactivation and cell death
Nicotinamide adenine dinucleotide (NAD + ) is the source of ADP-ribose used by poly(ADP-ribose) polymerases (PARPs) to produce poly(ADP-ribose) (pADPr). Because hyperactivation of PARP1 consumes the cytosolic and nuclear pools of NAD + to generate pADPr, pADPr synthesis translates DNA damage intensity into changes in cellular energy. Low to moderate DNA damage triggers pADPr-dependent DNA repair. In the context of excessive DNA damage, however, PARP1 hyperactivation leads to extended pADPr synthesis and extensive NAD + consumption 8, 13, 14 . Depending on the cellular context, this intense pADPr synthesis can induce cell death through several mechanisms. Long and branched pADPr (60mers and longer) can directly trigger a form of cell death termed parthanatos 15, 107 . Moreover, because several cellular metabolic pathways are NAD + dependent, the cell may attempt to replenish the cytosolic NAD + pool, a reaction that exhausts cellular ATP and induces necrotic cell death 13, 14, 68 . In addition to this energy depletion, pADPr degradation by poly(ADP-ribose) glycohydrolase generates high levels of ADP-ribose, which may be further hydrolysed by the pyrophosphohydrolase NUDIX enzymes NUDT5 and NUDT9 to phospho-ribose and AMP 99, 108 . The net consequence of NAD + depletion and pADPr hydrolysis is a tremendous increase in the cellular AMP:ATP ratio, which can activate AMP-activated protein kinase and induce an autophagic state through the inhibition of mTORC1-regulated cell growth 45, 109, 110 . Nature Reviews | Cancer tankyrase interaction motif, suggesting that there are substantial differences between the functions of mouse and human tankyrases 72 . In human cells, TNKS seems to be essential for mitotic spindle function through interactions with nuclear mitotic apparatus protein 1 (NuMA) and for resolving sister telomeres during mitosis, which are functions that cannot be assumed by human TNKS2 (REFS 71, 73, 74) . Human TNKS and TNKS2 have also recently been shown to bind and poly(ADP-ribosyl)ate axin in the β-catenin degradation complex, thereby regulating wnt signalling 75 . Because the study of these other PARPs is in its infancy, much remains to be learned about their roles in the DNA damage response, other facets of NAD + and pADPr metabolism and cancer, as described below.
How to best target PARPs for therapy?
The observation that PARP1 is dramatically activated by ionizing radiation and DNA-methylating agents provided the original impetus for examining the effects of PARP inhibitors in combination with DNA-damaging agents. Although one could theoretically target PARP1 by depleting its substrate NAD + or by using catalytic inhibitors 10, 76 , the latter approach has been much more extensively explored. Initial studies performed with 3-aminobenzamide, an agent that is neither selective enough nor potent enough by current standards, demonstrated enhanced radiation sensitivity when poly(ADP-ribosyl)ation was inhibited, fuelling a structure-based search for more potent competitive inhibitors (reviewed in REF. 77 ). After extensive medical chemistry studies and preclinical development, third generation PARP inhibitors have now entered the clinic (TABLE 2) . These agents are designed to compete with NAD + at the enzyme active site. They universally inhibit PARP1 and, because they are largely based on benzamide or purine structures, have the potential to inhibit other enzymes that use NAD + , including other members of the PARP family, mono-ADP-ribosyl-transferases and sirtuins, although the extent to which they do so is largely unknown.
These new agents exhibit increased potency and specificity relative to earlier inhibitors 77 . The need for highly potent and specific PARP inhibitors stems from the observation that PARP activity must be inhibited by >90% to detectably impair DNA repair 78 . Defects in differentiation of lymphocytes and muscle cells observed with first generation PARP inhibitors 79, 80 have not been reported with the current inhibitors, raising the possibility that the impaired differentiation observed earlier might have been a result of an off-target effect that has been engineered out of the new inhibitors. As noted below, however, additional studies are required to further assess the long-term effects of new PARP inhibitors.
Clinical development of PARP inhibitors follows two distinct approaches: targeting cells that are genetically predisposed to die when PARP activity is lost; and combining PARP inhibition with DNA-damaging Although not shown to simplify the scheme, PARP1 is active in a homodimeric form 116, 117 . PARP1 detects DNA damage through its DBD. This activates PARP1 to synthesize poly(ADP) ribose (pADPr; yellow beads) on acceptor proteins, including histones and PARP1. Owing to the dense negative charge of pADPr, PARP1 loses affinity for DNA, allowing the recruitment of repair proteins by pADPr to the damaged DNA (blue and purple circles). Poly(ADP-ribose) glycohydrolase (PARG) and possibly ADP-ribose hydrolase 3 (ARH3) hydrolyse pADPr into ADP-ribose molecules and free pADPr. ADP-ribose is further metabolized by the pyrophosphohydrolase NUDiX enzymes into AMP, raising AMP:ATP ratios, which in turn activate the metabolic sensor AMP-activated protein kinase (AMPK). NAD + is replenished by the enzymatic conversion of nicotinamide into NAD + at the expense of phosphoribosylpyrophosphate (PRPP) and ATP. examples of proteins non-covalently (pADPr-binding proteins) or covalently poly(ADP-ribosyl)ated are shown with the functional consequences of modification (reviewed in REF. 20) . it is important to note that many potential protein acceptors of pADPr remain to be identified owing to the difficulty of purifying pADPr-binding proteins in vivo. PARP inhibitors prevent the synthesis of pADPr and hinder subsequent downstream repair processes, lengthening the lifetime of DNA lesions. ATM, ataxia telangiectasia-mutated; BeR, base excision repair; BRcT, BRcA1 carboxy-terminal repeat motif; DNA-PKcs, DNA-protein kinase catalytic subunit; DsB, double-strand break; HR, homologous recombination; NHeJ, non-homologous end joining; NLs, nuclear localisation signal; PP i , inorganic pyrophosphate; ssB, single-strand break; Zn, zinc finger.
therapy to derive additional therapeutic benefit from DNA damage. Both approaches are being pursued vigorously.
The development of PARP inhibitors as agents to treat tumours with certain sensitizing genetic lesions is based on the notion that cells with defects in DSB repair such as BRCA-deficient cells are more dependent on PARP1 and BER to maintain genomic integrity 81 . This synthetic lethal approach has been validated in studies that show striking single-agent activity of PARP inhibitors in preclinical models of BRCA1 and BRCA2 inactivation in vitro and in vivo 16, 17 
. Consistent with these results, the PARP inhibitor olaparib (previously known as AZD2281) has shown promising single-agent activity against BRCA1-or BRCA2-mutant tumours in early clinical testing 18 . Because triple-negative (oestrogen receptor (ER)-negative, progesterone receptor (PR)-negative and ERBB2-negative) breast cancer and sporadic serous ovarian cancer exhibit some of the properties of BRCA1-or BRCA2-deficient cells 82, 83 , PARP inhibitors are also being tested against these tumours. likewise, the observation that cells deficient in other crucial homologous recombination proteins are sensitive to PARP inhibitors 84 provides the rationale for testing PARP inhibitors in other cancers. For instance, with the recent finding that the tumour suppressor PTEN is important for expression of the repair protein RAD51, it was shown that PTEN-deficient cells are exquisitely sensitive to PARP inhibitors 85 , providing a rationale for ongoing studies of PARP inhibitors in PTEN-deficient tumours.
As trials of PARP inhibitors in repairdeficient tumours progress, it will be interesting to see how durable the responses are. Resistance to PARP inhibitors and carboplatin can arise in BRCA1-or BRCA2-deficient cancer cells concomitant with the reactivation of these genes by secondary mutations [86] [87] [88] . This is unfortunate but somewhat predictable in view of the deficiency of error-free homologous recombination in BRCA2 -/-cells, which limits them to lower fidelity repair mechanisms and the subsequent accumulation of mutations. Hopefully, further elucidation of the finer details of the DNA damage response pathways will provide clues to circumvent this resistance.
The alternative approach of pairing PARP inhibitors with DNA-damaging agents to achieve chemosensitization is based on extensive preclinical studies showing that PARP inhibitors enhance the action of methylating agents, topoisomerase I poisons and ionizing radiation in tumour cell lines in vitro and in human tumour xenografts in vivo 77, 89 (TABLE 2). These observations were first translated into a clinical trial of the PARP inhibitor AG014699 in combination with the methylating agent temozolomide 90 . This trial demonstrated that this PARP inhibitor could safely be administered with standard doses of temozolomide and that marrow suppression, a known toxicity of the alkylating agent, was dose-limiting when pADPr synthesis was inhibited by >90%. In additional studies, the PARP inhibitor BSI-201 has shown tantalizing activity in triple-negative breast cancer in combination with gemcitabine and carboplatin 91, 92 . Phase I and Phase II trials of several PARP inhibitors in combination with DNA-damaging agents are ongoing (TABLE 2) .
As these clinical trials mature, it will be crucial to examine potential long-term effects of PARP inhibition. Because PARP1 plays a part in protection of the cardiovas cular system (reviewed in REF. 93 ) and development 
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Box 2 | What is a true PARP?
A true poly(ADP-ribose) polymerase (PARP) can transfer the first ADP-ribose moiety from nicotinamide adenine dinucleotide (NAD + ) to an acceptor protein (preferably to glutamate or lysine residues) and can sequentially add multiple ADP-ribose units to the preceding ones to form poly(ADP-ribose) (pADPr) chains. Although 17 open reading frames in the human genome encode a region with sequence similarity to the 'PARP signature' in the catalytic domain of PARP1 (REF. 58) (FIG. 1) , further analysis suggests that these are unlikely to all code for PARPs. The catalytic domain of PARP1 contains three crucial residues: a histidine and a tyrosine that are important for NAD + binding, and a glutamic acid that is essential for the polymerase activity 59, 111 . Although most of the so-called PARPs seem to have the residues required for NAD + binding, the presence of isoleucine, leucine or tyrosine in place of the crucial glutamic acid residue in PARPs 6-16 suggests that they are mono-ADP-ribosyltransferases (see REF. 59 for a detailed discussion).
The only way to determine whether a molecule is truly a PARP is to analyse the product of its catalysis as described 112 to show that pADPr has been synthesized. Based on this criterion, PARP1, PARP2 and tankyrase 1 (TNKS) are true PARPs. Human PARP1 and mouse PARP2 can synthesize long branched polymers 12, 112 , and human TNKS synthesizes long linear poly(ADP-ribose) chains 113 . Partial characterization of human TNKS2 activity suggests that it also produces long polymers 114 . Although PARP3 and PARP4 (also known as vault PARP) contain all of the structural features of a true PARP, their ability to synthesize pADPr remains to be established. A recent study of human PARP3 produced in bacteria raised the possibility that this enzyme might be a mono-ADP-ribosyltransferase 100 . Although this work and those of others 23, 115 suggest that PARP3 displays little PARP activity, a thorough study of the human enzyme is still needed.
of memory 94 , it will be important to assess cardiovascular and mental health in patients who receive long-term PARP inhibitor therapy. Moreover, in light of studies that have shown a higher incidence of cancers in mice when Parp1 is knocked out in combination with Trp53, Prkdc or Ku80, implicating PARP1 in tumour suppression [95] [96] [97] , the possibility of secondary malignancies will need to be examined. Indeed, the therapeutic benefit of inhibiting PARP1 will need to be weighed against any deleterious effect that results from loss of the postulated PARP1 tumour suppressive effect.
Unanswered questions
For the full potential of PARP inhibitors to be realized, it is our view that several gaps in current knowledge need attention. Some of these gaps relate to the biology of PARP1 itself.
First, how DNA damage is translated into a 10-to 500-fold increase in PARP1 enzymatic activity is incompletely understood. Recent reports not only indicate that an N-terminal fragment of PARP1 undergoes a conformational change after interaction with damaged DNA 98 , but also implicate the third zinc finger in the interaction between the PARP1 DNA-binding domain and the catalytic domain 23 . Because these studies were carried out with truncated fragments of PARP1, however, they provide somewhat limited insight into the activation process. Hopefully, the structure of the full-length enzyme will soon be solved and will provide additional information about PARP1 activation. Indeed, it is possible that a more complete understanding of the structural changes involved in PARP1 activation might lead to alternative and more selective methods of inhibiting this enzyme.
Second, further study of PARP1 in normal and tumour cells is required. If a kinase inhibitor were being discussed, one would immediately enquire about activating mutations and/or overexpression in tumour cells. Relatively little is known about PARP1 protein levels and activity in normal cells versus tumour cells and how this contributes (if at all) to a therapeutic index when PARP inhibitors are used in conjunction with DNA-damaging agents in cells with normal repair pathways.
Third, the roles of PARP1 in DNA damage responses require further study. In view of its BRCT motif, the possibility that PARP1 functions as a scaffold protein independently of its catalytic function after some types of DNA damage needs further investigation. Further studies are also required to distinguish between several potentially separable effects of PARP1 activation. Activated PARP1 attaches pADPr to various other polypeptides, altering their functions in ways that are still being elucidated. Moreover, PARP1 activation results in the synthesis of large amounts of the polymer attached to PARP1 itself, potentially facilitating the binding of hundreds of polypeptides that have pADPr-binding motifs and altering their functions. Finally, PARP1 activation consumes NAD + and alters AMP:ATP ratios through the actions of PARG, which hydrolyses pADPr into ADP-ribose, and of the ADP-ribose pyro phosphohydrolase NuDIX enzymes, which cleave ADP-ribose into AMP and phospho-ribose 99 (FIG. 1) . Further evaluation of these different effects of PARP1 activation should improve our understanding of how PARP1 can affect so many different cellular pathways.
Additional gaps in our current knowledge relate to the biology of PARPs other than PARP1. In particular, we know little about the effects of inhibiting most of the other PARPs. In some cases, gene-targeted mice still need to be created to study the functions of these enzymes (TABLE 1) . In other cases, the consequences of gene deletion are known, but it is unclear whether various PARP inhibitors affect these enzymes 17, 59, 75, 100 (TABLE 2) . Recently, synthetic lethality between loss of the BRCA genes and TNKS has been reported in human cell lines 101 . A potentially specific tankyrase inhibitor, XAv-939, has been identified 75 , raising the possibility that BRCA1-or BRCA2-mutant tumours might be successfully targeted without inhibiting PARP1. In addition, the demonstration that human tankyrases participate in wnt-β-catenin signalling suggests that cancers with misregulated wnt signalling might also benefit from tankyrase inhibition 75 . These observations highlight the importance of further study of non-PARP1 PARPs.
There are also important gaps in our understanding of PARP inhibitors and their effects. Several recent studies of PARP inhibitors have concluded that the observed results reflect PARP1 inhibition without considering effects on other enzymes, including other PARPs. In our opinion, conclusions drawn from studies using PARP inhibitors should, whenever possible, be validated using PARP1 -/-cells or PARP1 short-interfering RNAs (siRNAs) to confirm that the observations are dependent on the presence of PARP1. In addition, understanding of current PARP inhibitors (TABLE 1) would be enhanced by a careful analysis of the effects of these agents on the catalytic activity of other NAD + -utilizing enzymes, including other PARPs, mono-ADPribosyl transferases and sirtuins. Although many of these agents are described as PARP1 inhibitors or PARP1 and PARP2 inhibitors, little documentation of their selectivity for these enzymes is currently available.
Box 3 | PARP inhibition and BRCA-deficient cells
Recent findings that poly(ADP-ribose) polymerase (PARP) inhibitors have cytotoxic effects on BRCA1-or BRCA2-deficient cells 16, 17 and human tumours 18 have generated intense interest in moving PARP inhibitors into clinical practice (TABLE 2) . The prevailing explanation for these findings centres on a phenomenon called synthetic lethality, in which the individual deletion of either of two genes has no effect but the combined deletion of both genes is cytotoxic. Each day, normal cells repair thousands of DNA lesions that result from various genotoxic insults such as oxidative damage. PARP1 and PARP2 promote the repair of these lesions by base excision repair (BER) 33 and contribute to the restarting of replication forks arrested at damaged sites 48, 49 . When PARP1 and PARP2 are inhibited, these lesions are unresolved and result in increased DNA double-strand breaks (DSBs) 81 . Because BRCA1-or BRCA2-deficient cells are unable to efficiently complete homologous recombination, the most faithful mechanism of DNA DSB repair, PARP inhibition in these cells causes a high degree of genomic instability and eventual cell death. In patients with hereditary BRCA mutations, PARP inhibitors would be highly selective for tumour tissues (expected to be completely BRCA deficient) compared with normal tissues (expected to be heterozygous at the BRCA locus). Moreover, these observations lay the groundwork for targeting other homologous recombination-deficient genetic lesions. Genetic screens have identified a host of homologous recombination-related genes that, on deletion, render cells hypersensitive to PARP inhibitors 84 . Moreover, because of loss of expression of RAD51, PTEN-deficient cells are also sensitive to PARP inhibitors 85 . Whether this is the complete explanation for the hypersensitivity of BRCA1-or BRCA2-deficient tumours to PARP inhibitors remains unclear. Current models of synthetic lethality largely ignore other roles of PARP1 in cellular survival, particularly its involvement in non-BER repair modalities (FIG. 1) . Moreover, recent work has identified synthetic lethality between tankyrase 1 and the BRCA genes 101 , suggesting that successful targeting of BRCA-deficient tumours might be accomplished independently of PARP1 and PARP2 inactivation.
Additional studies might also be required to better understand how PARP inhibitors exert their beneficial effects in tumour cells. Previous studies have demonstrated that PARP1 siRNAs or shRNAs are toxic to BRCA-deficient cells in vitro 16, 17 , leaving little doubt that PARP inhibitors kill these cells by diminishing the catalytic activity of PARP1. Some of the preclinical data, however, raise the possibility that BRCA2 -/-cells might respond better to PARP inhibition than BRCA1 -/-cells 17, 102 . If this effect is confirmed in additional studies, it is not completely explained by current models of PARP inhibitor-induced killing. whether PARP inhibitors also potentiate the chemotherapeutic effects of DNA-damaging therapy in the same fashion remains unclear, as earlier studies performed under cell-free conditions raised the possibility that catalytically inactive PARP1 will bind to DNA lesions and prevent their repair 38 . whether this mechanism contributes to chemosensitization in intact cells or in a clinical setting remains to be investigated. Finally, studies are also needed to improve our understanding of why PARP inhibitors sensitize tumour cells more to some DNA-damaging agents (for example, temozolomide and DNA topoisomerase I inhibitors) than others (DNA topo isomerase II inhibitors) 77, 89 . It will also be important to determine whether different PARP inhibitors are equivalent in terms of suppression of PARP activity in cells and inhibition of polymer synthesis in patients. One of the inhibitors currently undergoing clinical testing (BSI-201) covalently and irreversibly inhibits PARP1 and possibly other enzymes 103, 104 . It is tempting to speculate that the ability to inhibit other enzymes might explain the relatively unique ability of BSI-201 to synergize with certain other agents such as gemcitabine 91 . Moreover, the ability of BSI-201 to covalently inhibit PARP1, thereby necessitating de novo synthesis to replenish PARP1 activity, might contribute to the clinical activity of BSI-201 in triple-negative breast cancer, which reportedly has high PARP1 levels 91 . By contrast, the other PARP inhibitors currently in clinical trials were designed as reversible inhibitors. Based on the law of mass action, these other PARP inhibitors would be predicted to suppress pADPr synthesis more completely in tumours with lower PARP1 expression. In addition, as mentioned above, the various inhibitors might also differ in their abilities to inhibit other PARPs, mono-ADP-ribosyltransferases, sirtuins and other NAD + -dependent enzymes. whether any of these differences between the various inhibitors translate into important differences in clinical efficacy and/or side effects remain to be explored.
Finally, there are gaps in our understanding of the effects of long-term PARP inhibition. PARP1 is known to have effects on transcription and a wide variety of DNA repair pathways. whether long-term PARP1 inhibition will have any deleterious effects such as secondary malignancies requires careful investigation, particularly when inhibitors are administered with DNA-damaging agents. Given the high potency of third generation PARP inhibitors and the reported tumour suppressor functions of PARP1, the long-term effects of near-complete PARP inhibition should be tested in animal models, as was done for earlier generations of inhibitors 105, 106 . It will be important, however, to weigh the risk of secondary malignancies -if they occur -against the benefits of improved treatment of currently intractable tumours. In view of the postulated roles of PARP1 in cardiovascular physiology 93 and memory 94 , any long-term effects of PARP inhibitors on cardiovascular or mental well being, either beneficial or deleterious, should also be monitored.
In summary, more than 40 years of research have culminated in the recent demonstration that PARP inhibitors are active anticancer agents in BRCA1-and BRCA2-mutant tumours. Although these results are exciting, there is still much work to be done. As indicated above, fairly basic biological questions -ranging from the structure of full-length PARP1 and the molecular basis for its activation by damaged DNA to the biological roles of other PARPs -remain to be answered. On the clinical side, it will be important to determine whether preclinical models have accurately predicted the activity of PARP inhibitors in settings beyond BRCA1-and BRCA2-deficient tumours. Moreover, it will be interesting to see whether all of the PARP inhibitors are equivalent or not. Although there is still much to be learnt about PARPs and PARP inhibitors, the recent tantalizing results suggest that further basic and translational studies are likely to be informative and rewarding.
